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CompartmentationA major challenge in the development of microalgal strains for large-scale production is the optimization of
biomass accumulation and production of fuel-relevantmolecules such as triacylglycerol. Selecting targets for ge-
netic manipulation approaches will require a fundamental understanding of the organization and regulation of
carbon metabolic pathways in these organisms. Functional genomic and metabolomics data is becoming easier
to obtain and process, however interpreting the signiﬁcance of these data in a physiological context is challeng-
ing since the metabolic framework of all microalgae remains poorly understood. Owing to a complex evolution-
ary history, diatoms differ substantially from many other photosynthetic organisms in their intracellular
compartmentation and the organization of their carbon partitioning pathways. A comparative analysis of the
genes involved in carbon partitioning metabolism from Thalassiosira pseudonana, Phaeodactylum tricornutum,
and Fragilariopsis cylindrus revealed that diatoms have conserved the lower half of glycolysis in themitochondria,
the upper half of glycolysis (including key regulatory enzymes) in the cytosol, and several mitochondrial carbon
partitioning enzymes. However, some substantial differences exist between the three diatoms investigated, in-
cluding the translocation of metabolic pathways to different compartments, selectivemaintenance and horizon-
tal acquisition of genes, and differential gene family expansions. A key ﬁnding is that metabolite transport
between intracellular compartments is likely to play a substantial role in the regulation of carbon ﬂux. Analysis
of the carbon partitioning components in themitochondria suggests an important role of this organelle as a car-
bon ﬂux regulator in diatoms. Differences between the analyzed species are speciﬁc examples of how diatoms
may have modiﬁed their carbon partitioning pathways to adapt to environmental niches during the diversiﬁca-
tion of the group. This comparative analysis highlights how even core central pathways can bemodiﬁed consid-
erably within a single algal group, and enables the identiﬁcation of suitable targets for genetic engineering to
enhance biofuel precursor production.
© 2012 Elsevier B.V.Open access under CC BY-NC-ND license.
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Algal biofuels research is gaining momentum, fueled in part by the
ease of obtaining genomic and transcriptomic information. A goal of
many researchers is tomine this data to identify gene targets formanip-
ulation that will improve growth and lipid, or more speciﬁcally, triacyl-
glycerol (TAG), accumulation characteristics that will drive down the
cost of production. There are several approaches that can be taken to
enhance the TAG content in microalgae including over-expressing
fatty acid or TAG biosynthesis genes, inhibiting lipid catabolism, and
inhibiting metabolic pathways that compete with lipid biosynthesis
for carbon intermediates such as the synthesis of storage carbohydrates
[1]. Many carbon metabolic pathways are extensively studied and con-
sequently it may be assumed that these pathways and their genes are
well understood in microalgae. However, algae have an evolutionary
history that is quite divergent frommanymodel organisms, and the bio-
chemistry of these pathways in algae is in general poorly characterized.
Characterization of these pathways and their regulation inmicroalgae is
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creased productivity.
In early work to modify algal strains for improved fuel precursor
molecule production, acetyl-CoA carboxylase (ACCase), the ﬁrst com-
mitted step of fatty acid biosynthesis, was successfully overexpressed
in the diatom Cyclotella cryptica [2]. Despite an increased enzyme ac-
tivity, there was no resulting increase in TAG content, suggesting that
there are other factors that regulate the ﬂux of carbon into fatty acid
biosynthesis. Generally, microalgae do not accumulate TAG during
growth, and only develop lipid bodies during the stationary growth
phase or when nutrient-limited [3,4]. Under silicon-limited TAG accu-
mulation conditions in C. cryptica, it was also demonstrated that the
ﬂux of carbon was repartitioned from storage carbohydrates into
lipid over the course of TAG induction [5,6]. Blocking storage carbohy-
drate synthesis, as demonstrated in starchless mutants of the green
alga Chlamydomonas reinhardtii, also enhances TAG accumulationFig. 1. Schematic of carbon partitioning enzymes involved in glycolysis, gluconeogenesis an
to those in Table 1. Shaded circles denote enzymes that are also involved in the Calvin–Ben
Brackets indicate the two phases of glycolysis; the upper phase (GLK to TPI) requires an initia
equivalents.[7]. From these data, it is reasonable to expect that enhancing carbon
ﬂux towards TAG by reducing ﬂux to competing pathways is a viable
approach to improve de novo TAG biosynthesis and accumulation in
algae.
Central carbon metabolic pathways are reasonable targets for the
modiﬁcation of intracellular carbon ﬂux in algae. In all known photo-
synthetic organisms, the primary pathways involved in the partition-
ing of ﬁxed carbon into either storage carbohydrates or TAG are
glycolysis, gluconeogenesis, and pyruvate metabolism (Fig. 1). Glycol-
ysis, or the catabolism of hexoses to produce pyruvate and ATP, pro-
vides the cell with energy and metabolic intermediates required to
supply either the TCA cycle or fatty acid biosynthesis. Gluconeogene-
sis is essentially the reverse of the glycolysis pathway in that pyruvate
is converted to hexoses that supply storage carbohydrate biosynthetic
pathways. In this way, these pathways and their subsequent branch
points act as partitioning regulators of intracellular carbon ﬂux.d pyruvate metabolism. Circled numbers adjacent to enzyme abbreviations correspond
son cycle. Arrows indicate the directionality of the reaction catalyzed by each enzyme.
l energy investment, while the lower phase (GAPDH to PFK) produces ATP and reducing
Fig. 2. The primary and secondary endosymbiotic events that gave rise to modern
diatoms. The upper panel shows the evolutionary progression leading to the heterokonts.
Organelles are colored to denote different origins and labeled as such (N= nucleus, M=
mitochondria, Ct = chloroplast, Cy = cyanobacterium). The lower panel is a diagram of
diatom intracellular compartmentation,with an emphasis on the chloroplast and associat-
ed extra membranes relative to the progenitor plant cell. Colored bars represent proteins
with different leader sequences targeting them to different intracellular locations. The
inner chloroplast membrane (iCt), outer chloroplast membrane (oCt), periplastid mem-
brane, periplastid compartment (PPC), and chloroplast ER (ct ER) are labeled.
4 S.R. Smith et al. / Algal Research 1 (2012) 2–16From decades of research on terrestrial plants and other model or-
ganisms, it is well known that the direction of carbon ﬂux through
these core and conserved pathways is regulated by mass action (the
concentration of reactants relative to products) and by dedicated gly-
colysis or gluconeogenesis enzymes at a few key regulatory points
[8,9]. The regulatory points are known as glycolysis bypass points
(glycolysis reactions must be “bypassed” by dedicated gluconeogenic
enzymes; Fig. 1). The directionality and magnitude of metabolite ﬂux
through these bypass points is tightly regulated by a combination
of ﬁne (enzyme phosphorylation, allosteric effectors) and coarse (tran-
scription, translation, and protein turnover) controls [9]. Glycolysis by-
pass points are appropriate targets for genetic engineering since they
are natural points of regulation, and control the ﬂux of carbon in one
favorable direction. Another importantmechanism of carbon ﬂux regu-
lation in eukaryotes is their ability to adjust the concentration of meta-
bolic intermediates in sub-cellular compartments, thereby affecting the
supply of these intermediates into various pathways. Compartmenta-
tion makes it possible for eukaryotic cells to run competing pathways
simultaneously, regulate cellular and organellar energetics, and control
the rate of intermediate supply to other compartments via specialized
transporters [10–12]. Considering the latter point, the transport of me-
tabolites between compartments can be important regulatory steps.
Compartmentation in diatoms is signiﬁcantly different from green
algae and terrestrial plants due to differences in their respective evolu-
tionary histories [13,14]. Photosynthetic eukaryotes arose via a primary
endosymbiosis event where chloroplasts were derived from a cyano-
bacterial endosymbiont (Fig. 2). The progenitor plant cell gave rise to
the glaucophytes, green algae (and eventually plants derived from
this lineage) and red algae (Fig. 2). Diatoms and other chromalveolates
arose through a secondary endosymbiotic event, in which a red algal
endosymbiont was enslaved as a plastid, followed by the eventual loss
of the red algal nucleus and mitochondria (Fig. 2). One consequence
of the complex evolutionary history of secondary endosymbionts is
the distinct chloroplast membrane organization [15,16]. In addition to
the chloroplast inner and outermembranes typical of all photosynthetic
eukaryotes, diatom (and other chromalveolate) plastids are surrounded
by a periplastid membrane (the relic plasmamembrane of the red algal
symbiont), which deﬁnes the periplastid compartment (PPC), and the
endoplasmic reticulum, commonly called the “chloroplast ER” (Fig. 2,
[17]). This additional complexity adds to the challenge of reconstruct-
ing algal metabolic networks.
As secondary endosymbionts, the nuclear genomes of diatoms are a
combination of genes from several evolutionarily distinct organisms,
and analysis of diatom genomes has revealed both plant-like and
animal-like features [18,19]. The genomes of both non-photosynthetic
and photosynthetic protists, including diatoms, are known to have
been shaped by the acquisition of genes from endosymbiotic/horizontal
gene transfer events and duplication events, as well as by the selective
deletion of certain genes or gene families [20,21]. Furthermore, there
is evidence that some organisms have re-targeted nuclear-encoded
genes to distinct organelles, and in some cases have single isozymes
that can be dually targeted to more than one subcellular location, add-
ing to the ﬂexibility of their pathway compartmentation signiﬁcantly
[22]. Additionally, diatoms seem to possess several distinct genes
encoding isozymes of conserved metabolic pathways, indicating that
they have acquired genes from several different sources and that these
isozymes may be functionally differentiated [23]. Analysis of the ge-
nome of the ﬁrst diatom sequence available, Thalassiosira pseudonana,
ﬁrst identiﬁed enzymes for the complete cytosolic glycolysis and gluco-
neogenesis pathways [18]. Later work investigating the genome of
Phaeodactylum tricornutum suggested that all the reactions of glycolysis
might also occur in diatom plastids [23]. Additionally, Kroth et al.
showed that there are isozymes for the complete lower half of glycolysis
(TPI to PK) predicted to be mitochondrially located, a ﬁnding that
supported earlier work demonstrating the presence of a triose phos-
phate isomerase (TPI)/glyceraldehyde 3P dehydrogenase (GAPDH)fusion protein in diatom mitochondria [23,24]. The evolutionary diver-
gence of the centric and pennate classes of diatoms occurred at least
90 mya (based on the fossil record), yet the genome of T. pseudonana
(centric) and P. tricornutum (pennate) differ to the same extent as
those of ﬁsh and mammals, which diverged approximately 550 mya
[25]. Diatoms evolved over a time of substantial environmental change
on the planet, particularly with regards to CO2 andO2 levels [26,27], and
it is reasonable to assume that some of the differences distinguishing
different classes of diatoms are adaptations for optimal productivity
under the particular conditions during which they arose. There have
been substantial differences described for carbon concentratingmecha-
nisms in different classes of diatoms [28,29], and recently, a phosphoke-
tolase pathwaywas identiﬁed in P. tricornutum, but not in T. pseudonana
[30] consistent with evolutionarily based alterations in fundamental as-
pects of carbon metabolism. Despite previous valuable insights, a com-
prehensive comparative analysis of the homology and targeting of the
carbon partitioning enzymes and the extent to which diatoms differ
from one another has not been conducted. The extent to which the
core carbon partitioning proteome has been modiﬁed by the selective
maintenance or deletion of genes, duplications, re-targeting, or acquisi-
tion via horizontal gene transfer is not well-understood but should
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tic of a group or species.
The primary aim of this studywas to utilize the available genome se-
quences for the centric T. pseudonana, the raphid pennate P. tricornutum,
and the assembly scaffolds for the psychrophilic raphid pennate diatom
Fragilariopsis cylindrus, to perform a comprehensive in silico evaluation
of the carbon partitioning proteome (Fig. 3). The analysis resulted in the
identiﬁcation of a rich variety of features, including annotation of abso-
lutely core metabolic genes (likely to have an indispensable metabolic
function), characterization of gene duplication events, description of
unique genes arising from selective deletion, evidence of genes acquired
by horizontal gene transfer, and differential intracellular targeting, and
enabled the reconstruction of metabolic networks, with an emphasis
on intracellular compartmentation. The analysis highlights distinctions
between representatives of the centric and pennate diatom lineages,
and enables generalizations to be made about diatom carbon metabo-
lism that distinguishes them from known model organisms and other
algae. The information gained from this type of analysis is essential to in-
form metabolic engineering approaches to improve precursor molecule
production for biofuel applications.
2. Materials and methods
2.1. Sequence screening and functional annotation
KEGG Pathway Database and Gene Ontology annotations were used
to identify protein sequences for all genes of interest from the genomesTable 1
Number of genes encoding enzymes involved in carbon partitioning metabolism (and their pu
and Chlamydomonas reinhardtii. Gray shadowing indicates the occurrence of more than three
Pyr = pyruvate metabolism, CB = Calvin–Benson cycle, TCA = tricarboxylic acid cycle, C4 =of T. pseudonana v3.0 (http://genome.jgi-psf.org/Thaps3/Thaps3.home.
html), P. tricornutum v2.0 (http://genome.jgi-psf.org/Phatr2/Phatr2.
home.html), and F. cylindrus v1.0 (http://genome.jgi-psf.org/Fracy1/
Fracy1.home.html). It is common that gene models in these genomes
are not full-length, therefore in all cases, protein models were checked
to ensure they were extended to the ﬁrst in-framemethionine, and oc-
casionally EST data was used to manually obtain the full ORF. These
manual modiﬁcations are noted in the supplemental table (Table S1).
To verify that no sequences were missed, any proteins identiﬁed from
the annotations were queried against the other diatom genomes
using BLAST [31]. In many cases, predicted gene models with signiﬁ-
cant homology but lacking annotations were identiﬁed (Table S1).
When appropriate, functional domains that were used as criteria to
identify predicted proteins were included in the supplemental table
(Table S1). Some enzymes with weak annotated functions did not
meet our criteria as the functional protein of interest and are not in-
cluded in Table 1 but are included in the supplemental table (Table S1).2.2. Bioinformatics-based targeting analysis
Several bioinformatics software programswere used for intracellular
targeting prediction. For general localization predictions, the programs
HECTAR, Predotar, and TargetP were used [32–34]. The presence of
mitochondrial target peptides was determined using Mitoprot [35].
Diatom plastid-targeted peptides must cross four membranes, so their
plastid pre-sequences are distinct from green algae and plants [36,37].
Identiﬁcation of plastid-targeted proteins based on sequence data cantative metabolic pathways) in the genomes of T. pseudonana, P. tricornutum, F. cylindrus,
isoenzymes in any of the diatom genomes. Gly = glycolysis, GNG = gluconeogenesis,
C4-type photosynthesis.
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signal peptide facilitates these predictions in diatoms. Additionally, a
motif has been detected for targeting proteins to the periplastid com-
partment in diatoms [39]. To detect plastid and periplastid compart-
ment targeting, the programs SignalP v4.0 and SignalP v3.0 were used
along with manual inspection of the predicted cleavage site [39–41].
The programChloroPwas used to detect the presence of predicted chlo-
roplast transit domains [42]. In cases where individual targeting predic-
tions did not agree with one another, the localization was predicted
based on weighing the relative predictions. The results of all the predic-
tions are summarized in Table S1. In diatoms, several predictions using
the bioinformatics approaches we outline have been conﬁrmed experi-
mentally [24,37,39,43,44]. In some cases therewere high predictions for
mitochondria and also for the presence of a signal peptide and/or chlo-
roplast targeting. A signal peptide would be a default for chloroplast
targeting, however, it is possible that different transcription starts or
splicing could eliminate the signal peptide and/or chloroplast targeting
sequences [45,46]. Because the mitochondrial predictions were so
high, these enzymes were stated to be potentially dually targeted.
2.3. Phylogenetic analysis and criteria for homology and monophyly
Homologs (enzymes that catalyze the same reaction but are not
necessarily evolutionarily related) which were identiﬁed in all three
diatom genomes were aligned to determine sequence similarities
and to assess phylogenetic relationships. The web-based ClustalW2
at the European Bioinformatics Institute (www.ebi.ac.uk/Tools/msa/
clustalw2/) was used to generate pairwise output scores (Table S1).
The slow pairwise alignment option and otherwise default multiple
sequence alignment options were selected. Sequences homologous to
the diatom enzymes were identiﬁed by searching the nonredundant
GenBank CDS database (nr). Sequences were aligned with ClustalX
2.1, and RAxML-HPC BlackBox (7.2.8, Cipres Science Gateway, www.
phylo.org) was used to generate protein maximum likelihood trees.
Trees were used to identify monophyletic clusters of diatom genes.
Monophyletic clusters of diatom genes found in all three diatom
genomes were considered orthologs (genes that are derived from an
enzyme found in the last common ancestor of diatoms). Genes that
arose through an apparent duplication event are considered paralogs.
When the duplication occurred prior to the evolutionary divergence of
the different diatoms, these duplications were considered out-paralogs.
Duplications that occurred after the divergence (and are only found in
one diatom for example) are considered in-paralogs.
2.4. Nomenclature
Monophyletic clusters of diatom enzymes were arbitrarily num-
bered because at the outset it was not possible to assign functional
differences or their relative importance in metabolism. In Table S1,Fig. 3. Diatom species with sequenced genomes. A) The multipolar centric diatom Thalassios
B) The raphid pennate diatom Phaeodactylum tricornutum (30Mb) is not naturally abundan
genesis, and siliciﬁcation. C) The raphid pennate diatom Fragilariopsis cylindrus is abundant i
tal conditions. Images A&B are provided courtesy of the DOE Joint Genome Institute and im
Institute for Polar and Marine Research, Germany.protein ID numbers (PIDs) are given for each gene cluster. The PIDs
are preﬁxed with Tp, Pt, or Fc to indicate T. pseudonana, P. tricornutum,
and F. cylindrus respectively. In the case of FBA, the nomenclature
from previous studies was maintained [23,44].
3. Results and discussion
3.1. Overview of glycolysis, gluconeogenesis, and pyruvate metabolism
Although glycolysis, gluconeogenesis, and pyruvate metabolism
may be familiar core metabolic pathways, the details of their regula-
tion are not as familiar; therefore we present an overview of the path-
ways and regulatory steps here to set the stage for subsequent
analyses (Fig. 1). Most steps of glycolysis are carried out by enzymes
that function bi-directionally in the pathway. These steps tend to be
regulated bymass action, allostery, or post-translational modiﬁcation.
Steps that play key regulatory roles generally involve enzymes cata-
lyzing unidirectional reactions.
Overall, glycolysis is an energy-generating pathway, but the path-
way is divided into two main phases (Fig. 1). The preparatory, or upper
phase of glycolysis (GLK to TPI) involves an initial investment of ATP
in order to ultimately generate ATP and NADH in the payoff, or lower
phase (GAPDH to PK). Gluconeogenesis is not divided into preparatory
or payoff phases since all of the reactions in the pathway are either at
equilibrium (freely reversible) or require energy, but can be divided
into upper and lower phases. The production of metabolites (such as
pyruvate for fatty acid biosynthesis) not only involves carbon ﬂux, but
also is intimately connected with cellular energetics. In order to prevent
the wasteful consumption of ATP, cells must achieve a balance between
the supply of biosynthetic precursors and their energy budget through
careful regulation of the competing pathways of glycolysis and gluconeo-
genesis. The key regulatory steps in glycolysis (Fig. 1) are catalyzed by
glucokinase (GLK), phosphofructokinase (ATP-PFK, PPi-PFK), and pyru-
vate kinase (PK), which are reversed by the committed enzymes of
gluconeogenesis. The ﬁrst committed reaction of gluconeogenesis is
the conversion of pyruvate to phosphoenolpyruvate (PEP, Fig. 1). This
bypass can be accomplished in several ways in different organisms. In
mammals, gluconeogenesis is initiated from pyruvate by the combined
activities of pyruvate carboxylase (PC) and phosphoenolpyruvate car-
boxykinase (PEPCK). In plants, gluconeogenesis at the ﬁrst bypass is
initiated with the intermediate oxaloacetate (during seed germination)
and therefore requires only PEPCK [47]. Alternatively, plants use a pyru-
vate phosphate dikinase (PPDK) to directly initiate gluconeogenesis [47].
Finally, bacteria and archaea are known to use both PPDK and phospho-
enolpyruvate synthase (PEPS) in gluconeogenesis [48]. Clearly, there is
considerable ﬂexibility in the organization of the ﬁrst bypass across the
domains of life. In addition to some regulatory capacity over the direction
of the glycolysis/gluconeogenesis pathway, these enzymes may govern
ﬂux into other pathways since they exist at the intersection ofira pseudonana has a cosmopolitan distribution and a relatively small genome (34Mb).
t, but is a good model organism for laboratory studies in diatom physiology, morpho-
n polar regions and is a model organism for studying tolerance to extreme environmen-
age C is provided courtesy of Henrik lange and Gerhard Dieckmann, Alfred-Wegener
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and amino acid metabolism. Since they may have a variety of different
and variable roles in metabolism, deﬁning them as glycolysis bypass en-
zymes could be misleading. Therefore, the direct conversion enzymes,
along with PEPC, PEPCK, PC, MDH, and ME, which also involve the inter-
conversion of 3-carbon and 4-carbon intermediates, will here be referred
to as the pyruvate hub instead of the ﬁrst bypass (Fig. 1).
The second bypass step (Fig. 1) in the glycolysis direction (fructose 6
phosphate to fructose 1, 6 bisphosphate) can be catalyzed by either an
ATP-dependent phosphofructokinase (ATP-PFK) or a pyrophosphate-
dependent phosphofructokinase (PPi-PFK). The gluconeogenic reaction
(Fig. 1) is catalyzed by fructose 1,6 bisphosphatase (FBP). In eukaryotes,
the second bypass is reciprocally regulated by a potent allosteric effec-
tor molecule, fructose 2,6 bisphosphate (Fru 2,6 bisP). Typically, Fru
2,6 bisP activates glycolytic ATP-PFK while acting as a competitive in-
hibitor of gluconeogenic FBP [49]. Interestingly, plant ATP-PFK is insen-
sitive to Fru 2,6 bisP, and PPi-PFK is responsive instead [50]. In diatoms,
it is unknownwhether Fru 2,6 bisP activates ATP-PFK or PPi-PFK. Fru 2,6
bisP is produced anddegraded from the glycolytic intermediate fructose
6-phosphate by the activity of a bi-functional 6-phosphofructo-2-kinase/
fructose 2,6 bisphosphatase (PF2K/F2BP). The only known function of
Fru 2,6 bisP is to act as an allosteric effector of the second bypass, and
therefore the concentration of Fru 2,6 bisP is an important determinant
of the direction of carbon ﬂux into either glucose oxidation or carbohy-
drate synthesis.
The ﬁnal unidirectional glycolysis step is catalyzed by glucokinase
(GLK). However, a glucose-6-phosphatase, the gluconeogenic enzyme
which would reverse the activity of GLK, has not been identiﬁed in
diatoms [23]. Thus, there is no third bypass in diatoms, presumably
since glucose in its non-phosphorylated form is not an important
metabolite in these organisms [23].3.2. The conservation of diatom carbon metabolism genes
Examination of the three diatom genomes identiﬁed a total of 164
genes encoding enzymes with putative roles in carbon metabolism
pathways, with 51 of these genes found in T. pseudonana, 55 in P. tri-
cornutum, and 58 in F. cylindrus (Table 1). Genes were clustered
according to sequence similarity to identify homologs (Table S1),
and phylogenies were constructed to validate monophyletic clusters
of diatom genes. Monophyletic clusters were given a gene name,
and were considered to be orthologs (inherited from the most recent
common ancestor) if present in at least two diatom genomes. There
were 40 orthologs identiﬁed in all three diatom genomes which
comprised the core carbon partitioning proteome (Fig. 4). The major-
ity of the carbon partitioning enzymes in a given diatom genome
belong to this core proteome with 78%, 73%, and 69% in T. pseudonana,
P. tricornutum, and F. cylindrus respectively. Most of the enzymes that
belong to the core proteome (33/40, or 83%) were predicted to be
targeted to the same sub-cellular location, a ﬁnding that lends some
support to the accuracy of the localization predictions.
In the core proteome, 7 of the 40 orthologs (17%) were found to
not share targeting predictions (Fig. 4). In most of these cases, it is
not clear whether this was because the enzymes are truly differently
targeted, or whether there were inaccuracies in the prediction soft-
ware or incorrect gene models. For example, the glycolysis enzyme
phosphoglycerate mutase 5 (PGAM5) is predicted to be targeted to
the chloroplast in both T. pseudonana and P. tricornutum, whereas it
does not have a predicted chloroplast localization in F. cylindrus
(Table S1). Both N-termini of the T. pseudonana and P. tricornutum
models are supported by EST data, however the F. cylindrus model is
likely erroneously predicted owing to the presence of a 666 nucleo-
tide intron directly following the predicted start codon. Despite the
possibility that the correct ORFs were not used to make the targeting
predictions, there are two cases where gene models that are well-supported by EST data in T. pseudonana and P. tricornutum give differ-
ent targeting predictions. These include one of the enolase orthologs
(ENO2) and pyruvate phosphate dikinase (PPDK), which are both
predicted to be chloroplast-localized in the pennate diatoms but not
in T. pseudonana. Since these enzymes catalyze two sequential reac-
tions of the glycolysis/gluconeogenesis pathway, they may represent
a translocation of a portion of this metabolic pathway following the
divergence of centric and pennate diatoms, and are an example of
how core metabolism has been rearranged in diatoms. This metabolic
rearrangement will be discussed more in later sections.
Carbon partitioning genes that are not common to all diatom ge-
nomes are speciﬁc examples of enzymatic steps that have been modi-
ﬁed following the diversiﬁcation of diatoms and may confer some
metabolic adaptation specialized for a given species or class. Thesemod-
iﬁcations include species or class-speciﬁc duplications (in-paralogs), the
selective maintenance or deletion of orthologs, and variable horizontal
acquisition of foreign genes. A signiﬁcant portion (23–31%) of genes in
any given genome is either unique to that species or found only in one
other diatom genome, indicating that carbon metabolic pathways are
not static in diatoms and that there have been several adjustments
throughout the evolution of modern species (Table 1, Fig. 4). The next
several sectionswill explore both the common features of the organiza-
tion and regulation of diatom carbon partitioning metabolic pathways
aswell as the features of these pathways that appear to bemore ﬂexible
within the realm of diatom diversity represented by the sequenced
genomes.
3.3. Enzymes of carbon metabolism exist as several isozymes
Many of the enzymes involved in carbonmetabolismexist as a num-
ber of isozymes in the three diatom genomes (Table 1). Diatoms have
on average twice asmany enzymes involved in glycolysis/gluconeogen-
esis than were found in the C. reinhardtii genome, and additional analy-
sis suggests that this feature is conserved in other green algal genomes
(Table 1, and unpublished observations). A possible explanation for this
is that unlike green algae, diatoms are secondary endosymbionts, and
could have acquired many of these additional isozymes from endosym-
biotic gene transfer (EGT). However it is also possible that the addition-
al isozymes found in both the core and accessory proteomes of diatoms
have arisen through duplications or through horizontal gene transfer
events (HGT). Regardless of the origin of these additional enzymes,
many seem to have beenmaintained in diatoms at least since the diver-
gence of centrics and pennates, indicating that they are useful and may
be functionally differentiated (for example GPI). In multicellular organ-
isms, variations in isozyme form and functionmay be useful at different
times during development or in differentiated tissues [51]. In unicellu-
lar organisms, different isozyme forms may be useful under certain
environmental conditions or may be targeted to different sub-cellular
location or organelles. The high number of isozymes found in these
pathways in diatoms suggests ﬂexibility or optimization in regulating
carbon metabolism.
3.4. The organization of carbon partitioning in diatoms
Isozymes of the glycolysis/gluconeogenesis pathways and the pyru-
vate hub are predicted to be distributed across several sub-cellular com-
partments, including the plastid, periplastid compartment, cytosol, and
mitochondria. There are several conserved features of this organization
that enable generalizations regarding the organization of carbonmetab-
olism in diatoms (Fig. 5). First, all three diatoms have conserved ortho-
logs of the lower half of the glycolysis pathway (TPI to PK) that are
predicted to be targeted to themitochondria [22,23]. Second, only a par-
tial cytosolic glycolysis pathway is conserved in all three diatoms (Fig.
5). Speciﬁcally, orthologs could be identiﬁed for the upper half and
ﬁnal step of the cytosolic glycolysis pathway, but not for the mid-
payoff phase (reactions catalyzed by PGK, PGAM, and ENO). Several
Fig. 4. Venn diagram of glycolysis, gluconeogenesis, or pyruvate hub enzymes showing the
proportion of shared genes (the core proteome), genes found in two genomes, and unique
genes in the genomesof T. pseudonana, P. tricornutum, and F. cylindrus. See Table 1 for enzyme
identiﬁcations. † Regulatory enzyme, not included in the tallies for carbon partitioning en-
zymes. Underlined enzymes are orthologs forwhich the targeting predictions are not shared.
See text and Table S1 for details.
Fig. 5. The compartmentation of A) glycolysis/gluconeogenesis andB) pyruvate hub enzymes
in diatoms. Filled boxes indicate the presence of an enzyme targeted to themitochondria (or-
ange), cytosol (grey), chloroplast (green), or periplastid compartment (brown).White boxes
designate the absence of an enzyme. All enzymes are referenced in Table S1. Orthologs are
indicated by solid colors while unique enzymes (found only in a single diatom genome)
are indicated by diagonal stripes. Horizontal stripes show enzymes with orthologs that
havebeen re-targeted in all three diatomgenomes. Cross-hatchingdenotes possible targeting
of an enzyme to two different intracellular locations (dual targeting). The numbers indicate
the number of additional enzymes identiﬁed per compartment, when the number is on a
solid box it indicates a duplication event. When the number is on a horizontal striped box
it indicates an enzyme that was either horizontally acquired or selectively maintained. The
2* in F. cylindrus PEPS indicates two unique enzymes.
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particularly at the second bypass. Finally, there are several unifying fea-
tures in the organization of pyruvatemetabolism that illustrate the role of
the mitochondria as a regulatory hub for the distribution of intracellular
organic carbon, but there aremany features that suggest that thepyruvate
hub is a metabolic network that has been subject to modiﬁcation as dia-
toms diversiﬁed.
3.4.1. Metabolism in the mitochondria
Mitochondrial glycolysis is currently believed to occur only in dia-
toms and non-photosynthetic oomycetes, which remain relatively
understudiedwith respect tometabolism as compared tomitochondria
in conventional model organisms [22]. Consequently, there is little
known about the origin or function of this pathway [23,24]. The ﬁrst en-
zyme of the diatom Embden–Meyerhoff–Parnas (EMP) mitochondrial
glycolysis pathway is a TPI-GAPDH fusion protein, which has been ex-
perimentally localized to mitochondria in P. tricornutumwith immuno-
gold labeling [24]. Orthologs of this TPI-GAPDH fusion, along with
enzymes that catalyze the complete lower phase of glycolysis (PGK to
PK) predicted to be mitochondrially targeted were identiﬁed in all
three diatoms with a remarkable degree of conservation (Fig. 5).
There have been very few duplication events, substitutions, or variable
acquisitions of enzymes involved in mitochondrial glycolysis.
Interestingly, slightly upstream of the TPI-GAPDH fusion, on the
opposite strand in the reverse orientation, a duplicated mitochond-
rially targeted GAPDH (GAPDH1) is found in an arrangement that is
strikingly well conserved in all three diatom genomes. The conserva-
tion of this gene order is consistent with their coordinated regulation
using a bidirectional promoter in the intergenic region [52]. This ar-
rangement is apparently found only in diatoms, since a TPI-GAPDH
fusion protein was not identiﬁed in the genome of the related photo-
synthetic heterokont Aureococcus anophagefferens, and though the
TPI-GAPDH fusion protein is also found in oomycetes likePhytophthora sojae (PID: 285408, JGI v3.0), there was no adjacent
GAPDH found in an inverted orientation. Taken together, it seems
likely diatoms have a unique way to coordinately regulate mitochon-
drial TPI-GAPDH and GAPDH, and that both of the triose phosphate
metabolic intermediates DHAP and GAP can be a starting point for
mitochondrial glycolysis in diatoms.
Thenext steps of glycolysis are catalyzed by phosphoglycerate kinase
and phosphoglycerate mutase. A single mitochondrially targeted iso-
form of phosphoglycerate kinase (PGK1) was identiﬁed in all three
diatom genomes and is phylogenetically related to PGKs from other
heterokonts (Fig. 6). In contrast, there are several phosphoglycerate
mutases (PGAM) that are putatively targeted to the mitochondria,
however, only one (PGAM1) is conserved in all three diatoms and is of
the expected length (approx. 288aa or 32 kDa). PGAM1 sequences are
most closely related to the chloroplast-localized PGAM2. PGAM1 and
PGAM2 are apparently distantly related to other diatom PGAM
Fig. 6.Maximum likelihood tree of PGK isozymes. The phylogenetic tree was generated using RAxML-HPC BlackBox (CIPRES Science Gateway) from 64 PGK sequences. The tree has
been mid-point rooted. Diatom sequences discussed in this study are shown boxed and in bold font. Filled boxes indicate the presence of an enzyme targeted to the mitochondria
(orange), cytosol (grey), chloroplast (green). Bootstrap values are labeled at each node and are presented in %. Sequence accession numbers are listed in Table S2.
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mitochondrial-targeting (Table S1). Since several of the gene models
for the remaining PGAMpredicted proteins appear to be partial or incor-
rect, and they are larger than the typical PGAM subunit, these ORFsmay
just be part of proteins of unknown function that include the catalytic
activity of PGAMbutmay not be directly involved in the glycolysis path-
way (Table S1).
Theﬁnal two steps of the glycolysis pathway are catalyzed by enolase
(ENO) and pyruvate kinase (PK). A mitochondrial ortholog of enolase
(ENO1) was identiﬁed in all three diatom genomes. ENO1 is similar
to sequences both from other heterokonts and the chromalveolate
Emiliania huxleyi and is similar to the other orthologous enolase (ENO2),
which is predicted to be cytosolic in T. pseudonana but chloroplast-
targeted in the pennates. A second mitochondrially targeted enolase
(ENO3)was identiﬁed only in the genome of F. cylindrus, and this enzyme
is more highly divergent from ENO1 and ENO2 (Table S1). The ﬁnal step
of glycolysis, catalyzed by pyruvate kinase (PK) is the only unidirectional
reaction of themitochondrial glycolysis pathway. Pyruvate kinase is a key
enzyme in the regulation of carbonmetabolism and is known to possess a
wide range of kinetic and regulatory properties [53]. Two mitochondrial
PKs (PK1, PK2) were found to be conserved and orthologous in all three
diatom genomes. Both diatom mitochondrial PKs belong to a family ofPKs that are conserved within heterokonts. This heterokont group of
PKs is most closely related to enzymes from metazoans than the other
PKs found in diatom genomes suggesting that they may be ancient
eukaryotic enzymes.
Major questions remain concerning both the origin and function
of mitochondrial glycolysis. It is currently unknown whether mito-
chondrial glycolysis is an ancient trait or a trait derived from gene
transfer after the acquisition of a plastid [22]. The ﬁnding that non-
photosynthetic oomycetes also have mitochondrial glycolysis seems
to support the idea that mitochondrial glycolysis is an ancient eukary-
otic trait. However, since oomycetes have several genes that suggest
they may have harbored a transient plastid, it's possible that enzymes
acquired via EGT were targeted to the mitochondria prior to plastid
loss and the diversiﬁcation of diatoms [14]. Therefore, without more
rigorous phylogenetic analysis, the origin of mitochondrial glycolysis
remains unclear.
There are several possible reasons for and consequences of a com-
plete mitochondrial glycolysis payoff phase in diatoms. In plants, cy-
toplasmic glycolysis enzymes have been reported to be physically
associated with mitochondria under conditions of high respiration
to facilitate the channeling of pyruvate to the TCA cycle [54,55]. By
internalizing the lower glycolysis pathway into the mitochondria,
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since pyruvate would be produced within the target organelle.
Intermediates for the mitochondrial glycolysis pathway would need
to be supplied from the cytosol by a triose phosphate transporter
that has yet to be identiﬁed. Alternatively, the supply of GAP for
mitochondrial glycolysis may be predominantly from a recently
discovered mitochondrial Entner–Doudoroff (ED) pathway [30].
Neither intracellular transporters nor diatom ED glycolysis are well-
characterized, and it is presently unclear what the relative impor-
tance of each supply route would be. Another implication of an inter-
nalized mitochondrial glycolysis pathway is that NADH is produced
within the organelle rather than in the cytosol. Typically, NADH
must be imported into the mitochondria via the malate–aspartate
shuttle so that the reducing power can be used to drive oxidative
phosphorylation [56]. By translocating the production of NADH into
the mitochondria, diatoms would no longer require these enzymes
for this purpose. Finally, glycolate produced from photorespiration
can be enzymatically converted to glycerate in diatom mitochondria
where it is believed to then be imported to the chloroplast, phosphor-
ylated, and can re-enter the Calvin–Benson cycle [23]. Recently, a
chloroplast-localized glycerate kinase was identiﬁed [30]. However,
if a mitochondrial glycerate kinase could be identiﬁed, it's possible
that this photorespiration by-product could then directly enter mito-
chondrial glycolysis and the TCA cycle and be used to either drive
energy generation or to replenish TCA cycle intermediates.
The malate–aspartate shuttle involves specialized enzymes and
transporters, but the key enzyme is malate dehydrogenase (MDH),
which is part of the pyruvate hub (Fig. 1). Mitochondrial MDH is an
essential TCA cycle enzyme, and not surprisingly, orthologs for mito-
chondrial MDHwere conserved in diatom genomes (MDH1). However,
the malate–aspartate shuttle requires a cytosolic MDH, which could be
identiﬁed in the T. pseudonana genome (MDH2) but was not found in
the genome of either pennate diatom. Therefore, it appears that
pennate diatoms are unable to import reducing equivalents into the
mitochondria from the cytosol in this manner while the centric
T. pseudonana may possess this capacity. This ﬁnding supports the
idea that pennate diatoms do not need to import reducing equivalents
(NADH) since they are produced in the mitochondrial matrix.
Like most pyruvate hub enzymes, there are several possible meta-
bolic roles for MDH in addition to its essential role as a TCA cycle inter-
mediate, and in the malate–aspartate shuttle. The OAA produced by
MDH1 in mitochondria could be used to supply mitochondrial gluco-
neogenesis, the next step of which would be catalyzed by PEPCK. In
mammals, PEPCK is known to be the rate-controlling step of gluconeo-
genesis and is under transcriptional control [57]. Alternatively, in C4
plants, the decarboxylating activity of PEPCK is also part of a biochemi-
cal carbon concentrating mechanism [56]. The exact role of PEPCK in
diatoms is not clear; however it exists as a single-copy ortholog in all
three diatom genomes and is strongly predicted to be mitochondrial
(Table S1). Based on its mitochondrial localization, PEPCK is most likely
a gluconeogenesis enzyme (rather than a C4-type enzyme) in diatoms.
If PEPCK is a gluconeogenesis enzyme, it could use theOAAproduced ei-
ther by MDH1, or by mitochondrial pyruvate carboxylase (PC). Though
there are several isozymes of PC in diatom genomes, only one mito-
chondrial isoform was found (PC3), but was absent in the genome of
T. pseudonana. Therefore, pennate diatoms have the capacity to initiate
gluconeogenesis from pyruvate through the combined activities of PC
and PEPCK in themitochondria, while centric diatomsmay be restricted
to initiating gluconeogenesis from OAA in this organelle.
Under normal growth conditions, the metabolic intermediates used
to initiate gluconeogenesis in the mitochondria are typically drawn
away from the TCA cycle for biosynthetic reactions, such as the synthesis
of amino acids. These intermediates can be replenished by activity of
anapleurotic enzymes, including mitochondrial PC and PEPC. All three
diatoms have two PEPC, and one isozyme (PEPC2) is strongly predicted
to be mitochondrially localized, indicating its most likely role isanapleurotic (Table S1). The other isozyme, PEPC1, has high scores pre-
dicting mitochondrial localization, but is also predicted to be localized
to the periplastid compartment (Table S1). In both PEPC1 and PEPC2,
there is some ambiguity about whether the correct gene models are
predicted, and it may be possible that there are several transcript iso-
forms originating from the same locus (Table S1). Although it is tempt-
ing to speculate on the role of PEPC1 and PEPC2 in diatom metabolism,
any signiﬁcance cannot be ascribed without more conﬁdence in the
sub-cellular localization of these enzymes.
The ﬁnal enzyme conserved in the mitochondria of diatoms is
malic enzyme (ME1). The role of diatom ME is currently unknown,
but it could participate in both pyruvate metabolism and C4-type
photosynthesis. In all three diatoms, ME1 has high predicted mito-
chondrial localization; however, a signal peptide that targets ME1 to
the periplastid compartment was detected in T. pseudonana (Table
S1). P. tricornutum has an additional ME (ME2) for which there is no
apparent ortholog in the other diatoms though there are closely relat-
ed enzymes found in oomycetes and Ectocarpus, suggesting it is at
least partially conserved in heterokonts. The additional P. tricornutum
ME (ME2), like T. pseudonanaME1 has predicted dual targeting to the
mitochondria and the periplastid compartment.
Although there is compelling bioinformatics evidence as well as
experimental evidence to support the existence of a mitochondrial
glycolysis pathway in diatoms, these predictions should be validated
experimentally [23,24]. However, if it is assumed that the mitochon-
drial glycolysis pathway will be demonstrated in diatoms, more ques-
tions will remain to be answered. For example, what is the magnitude
of carbon ﬂux through this pathway and what is the nature of the
carbon intermediates and transporters that supply this pathway?
Also, what proportion of the pyruvate produced in this pathway is ca-
tabolized completely to make ATP or to make 4C skeletons for other
biosynthetic processes? Since the enzymes of the mitochondrial gly-
colysis pathway catalyze reversible reactions, it is possible that this
pathway is used to run gluconeogenesis, allowing the mitochondria
to export triose phosphates. The complement of pyruvate hub en-
zymes found in diatom mitochondria includes those capable of both
anapleurotic and key glycolysis bypass (gluconeogenic) reactions, so
this is theoretically possible. Running this pathway in the gluconeo-
genic direction would require carbon intermediates, which could
theoretically be supplied from mitochondrial fatty acid oxidation or
photorespiration [18]. In sum, if the manipulation of carbon ﬂux in
diatoms is proposed, it must be done with a better idea of the impor-
tance of this compartmentalized pathway relative to other metabolical-
ly compartmentalized pathways in contributing to the production,
destruction, or recycling of fatty acids.
3.4.2. Distribution of carbon partitioning enzymes between the cytosol
and chloroplast
Cytosolic orthologs were identiﬁed for all steps in the upper phase
of the glycolysis/gluconeogenesis pathways (GLK to TPI), including
those involved in the second bypass (PFK and FBP). All three diatoms
possess an orthologous copy of a cytosol-localized ATP-PFK. Interest-
ingly, the P. tricornutum genome contains two additional copies of
ATP-PFK (ATP-PFK2A, ATP-PFK2B), which are arranged adjacent to
one another on chromosome 29 and share a high degree of sequence
similarity (89%), suggesting that they arose through a relatively re-
cent in-paralogous duplication. ATP-PFK2B from P. tricornutum is pu-
tatively targeted to the chloroplast (Table S1), whereas the other two
diatoms apparently lack a chloroplast-localized PFK despite posses-
sing near-complete plastidic glycolysis (Fig. 4). This suggests that
P. tricornutum has an increased capacity for hexose metabolism in
the chloroplast relative to T. pseudonana and F. cylindrus.
In a deviation from classical EMP glycolysis, all diatom genomes also
encode an alternative enzyme to ATP-PFK that utilizes pyrophosphate as
the phosphoryl donor (PPi-PFK; Table 1, Table S1). This glycolysis
variant is thought to be energetically advantageous, since ATP is not
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larly important in anaerobic conditions, when the generation of ATP
from the combined actions of the TCA cycle and oxidative phosphoryla-
tion ceases [58–60]; for example, amitochondriate protists and anaero-
bic bacteria both lack ATP-PFK and instead rely the PPi-dependent
enzyme [9]. The presence of PPi-PFK is widespread in photosynthetic or-
ganisms [61]; in terrestrial plants PPi-PFK activity is more responsive to
regulatory controls than ATP-PFK and therefore is thought to be ameth-
od of adjusting plant carbonmetabolism under changing environmental
conditions [62]. However, diatom PPi-PFK enzymes contain the bacterial
PRK06555 domain (ProtClustDB ID 417822) and share similarity to sev-
eral bacterial sequences (Table S1), suggesting that PPi-PFK may have
been acquired horizontally from bacteria at some point prior to the di-
vergence of diatoms. The high conservation of PPi-PFK amino acid se-
quence among the diatoms is consistent with this enzyme playing an
important role as a regulatory step in central carbon metabolism. As
one of the key regulatory steps in glycolysis, PFK is a potentially promis-
ing target for genetic manipulation. However, the relative importance of
ATP-PFK and PPi-PFK in regulating diatom intracellular carbon ﬂux is
currently unknown.
FBP, at the second bypass step, is an important site of regulation to
supply carbon for carbohydrate synthesis. Previous FBP phylogenies in
diatoms suggest a bacterial origin for cytosolic FBP [63,64], while
chloroplast-localized FBPs are thought to have arisen from an ancient
duplication of a cytosolic FBP that was redirected to the plastid
[43,64]. In the chloroplast, these enzymes have been co-opted to
function in carbon ﬁxation and are involved in the regeneration of
ribulose 1,5 bisphosphate in the Calvin–Benson cycle [65]. Additional
chloroplast-localized FBP genes were acquired by diatoms via the red
algal endosymbiont [66].
The cytosolic form of FBP is well conserved among diatoms; each
diatom genome contains a single orthologous copy (FBP3; Fig. 4). The
F. cylindrus genome contains an additional cytosolic FBP (FBP6) that is
highly divergent from other diatom FBPs (b30% similar), suggesting
that it is evolving rapidly. Multiple chloroplast-localized FBPs were
identiﬁed in each diatom genome; two orthologous groups were con-
served among the three diatoms (FBP1, 2). Localization studies using
GFP fusions to FBP N-terminal bipartite pre-sequences in P. tricornutum
conﬁrmed the plastid localization of these enzymes [43]. P. tricornutum
and F. cylindrus have two additional orthologous FBPs (FBP4) that are
absent in T. pseudonana, and F. cylindrus has another unique FBP
(FBP5). Interestingly, in both the P. tricornutum and F. cylindrus genome,
the FBP4 genes have high sequence similarity (>60%) and neighbor one
other on the same chromosome/scaffold, suggesting that perhaps they
are a result of a duplication event early in pennate evolution.
The widespread duplication and diversiﬁcation of chloroplast tar-
geted FBPs observed in pennates (especially in F. cylindrus) may confer
an advantage to this lineage by allowing the cell to quickly adjust its
rate of carbon ﬁxation to accommodate its metabolic demands. Alterna-
tively, the multiple copies may have different activities or substrate
afﬁnities, and therefore be optimal only under certain conditions. For ex-
ample, FBP catalyzes a similar reaction to the enzyme sedoheptulose-
1,7-bisphosphatase (SBP). A plastid-targeted SBP is apparently absent
in diatom chloroplasts, and it is possible that a plastidic FBP could
serve as a substitute for SBP in the reductive pentose phosphate
pathway [43]. An additional possibility is that certain FBPs function as
dedicated Calvin–Benson enzymes associated with a sub-chloroplast lo-
cation (e.g. the pyrenoid [67]), while other FBPs are located elsewhere in
the chloroplastwhere theymayparticipate in plastidal gluconeogenesis.
In addition to FBP, the enzymes FBA, TPI, GAPDH, and PGK could
potentially play dual roles in the Calvin–Benson cycle if targeted to
the plastid. Localization studies have demonstrated pyrenoid target-
ing for FBA isozymes in P. tricornutum [44]. Although all diatom ge-
nomes have multiple copies of TPI targeted to the chloroplast, they
only have a single chloroplast-targeted ortholog of GAPDH. Therefore,
this GAPDH likely has an essential role in the Calvin–Benson cycle andis probably not involved in plastidial glycolysis under photosynthetic
conditions. Although diatoms have a nearly complete complement of
genes that would permit the upper phase of glycolysis/gluconeogenesis
in the plastid, several of those genes may be partially or exclusively in-
volved in carbon ﬁxation.
In contrast to the upper phase glycolysis/gluconeogenesis path-
way, in which orthologs are remarkably well-conserved, the enzymes
that catalyze the 7th–9th steps of cytosolic glycolysis or the “mid-
payoff phase” seem to have been subjected to deletion and re-
targeting throughout the diversiﬁcation of diatoms. First, though all
diatoms seem to have homologs of PGAM and PGK predicted to be lo-
calized to the cytosol, there are no conserved orthologs found in all
three diatom genomes in this space. Furthermore, of the three dia-
toms, only T. pseudonana appears to have a full cytosolic glycolysis
pathway while both P. tricornutum and F. cylindrus apparently lack
cytosolic isoforms of enolase (ENO).
A more careful analysis reveals that there are several versions of
cytosolic PGK and PGAM found in diatom genomes. Only mitochon-
drial and chloroplast versions of PGAM were identiﬁed with conﬁ-
dence and no obvious candidates for cytosolic PGAMs were found
(See Section 3.4.1). While it is possible that diatoms have cytosolic
PGAM activity, they have not maintained conserved orthologs of
this enzyme in the cytoplasm.
There is a surprising amount of diversitywithin diatom PGK, and the
acquisition of several PGK genes from a variety of sources was revealed
through phylogenetic analysis (Fig. 6). The distribution of PGK among
the diatoms genomes highlights the ability of these organisms to selec-
tively duplicate, re-target and/or delete acquired genes, presumably in
order to optimize metabolic processes. For example, although each
diatom genome encodes for a single plastid-localized PGK (PGK2A),
T. pseudonana and F. cylindrus both contain an additional PGK with
high sequence similarity but without chloroplast targeting information
(PGK2B). No PGK2B was found in P. tricornutum. The PGK2 group clus-
ters with sequences from red algae and secondary endosymbionts from
the red algal lineage, indicating that theses enzymes likely originated
via EGT from the acquisition of a red algal plastid. Curiously, a sequence
from the chlorachniophyte Bigelowiella natans (a green algae-derived
secondary endosymbiont) also clusterswith this group, the signiﬁcance
of which is difﬁcult to interpret without a more comprehensive under-
standing of the evolutionary origin of the B. natans PGK. Additional cy-
tosolic PGKs were found in T. pseudonana and F. cylindrus (PGK3) that
belong to clade comprised of eukaryotic organisms, including chromal-
veolates and opisthokonts (Fig. 6). These two groups are distantly
related, and it is possible that this enzyme is an ancient isoform, perhaps
a remnant from the secondary exosymbiont, which has been lost in
P. tricornutum. Interestingly, P. tricornutum does have a unique version
of PGK (PGK5), which ismost similar to a sequence from the dinoﬂagel-
late Kryptoperidinium foliaceum. This dinoﬂagellate is known to main-
tain a tertiary plastid derived from a diatom endosymbiont, and since
neither T. pseudonana nor F. cylindrus has a PGK5, the diatom endosym-
biont found in K. foliaceum is likely related to a group of diatoms includ-
ing P. tricornutum [68]. Finally, T. pseudonana has a unique isoform of
PGK (PGK4) that is not found in the other diatom genomes. PGK4 clades
with a well-supported cluster with sequences from excavates, an unre-
lated group to diatoms or any of their endosymbionts. It's possible that
T. pseudonana acquired this gene horizontally or that it is a metabolic
relic from deep in eukaryotic evolutionary history. Despite the inability
to determine the absolute origins of these distinct enzyme types, it is
clear that cytosolic PGKs, unlike their highly conserved mitochondrial
homologs, have not been conserved throughout the diversiﬁcation of
diatoms (Fig. 6). Whether these isozymes are functional equivalents,
or have kinetic or regulatory differences that confer an adaptive ad-
vantage to one diatom or another is not clear without functional
characterization.
Finally, the only diatom with a predicted cytosolic enolase is T.
pseudonana (ENO2). In pennates, a signal peptide and chloroplast
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model in T. pseudonana was validated with 5′ RACE (unpublished re-
sults) to eliminate the possibility that the model was missing an up-
stream exon with a targeting motif. The localization of ENO2 in the
chloroplast should be validated experimentally in the pennate dia-
toms. If conﬁrmed, the presence of the penultimate glycolysis step ei-
ther in the cytoplasm of centrics or in the chloroplast of pennates
represents a signiﬁcant difference in the organization of metabolism
between the two major diatom lineages.
The lack of conservation in the mid-payoff phase (Fig. 5A) suggests
that cytosolic glycolysis is not an essential energy-producing pathway
in diatoms. Though the pennates are apparently missing a full cytosolic
glycolysis pathway, they have a more complete plastid-localized
pathway that T. pseudonana seems to lack and this variability in path-
way organization has major implications for how the regulation of the
direction of carbon ﬂux may be different in these major groups.
Diatoms have several isozymes of PK, which catalyzes the ﬁnal
and unidirectional step of the payoff phase of glycolysis (Table 1,
Fig. 1). The mitochondrial isoforms have already been discussed
(PK1, PK2, Section 3.4.1), however there are additional PKs found in
both the chloroplast (PK3) and the cytosol (PK4). Both T. pseudonana
and P. tricornutum have a single chloroplast PK3 ortholog, while
F. cylindrus has two (Table S1). Each diatom has a different number
of cytosolic PK4s, T. pseudonana has two, P. tricornutum has 4, and
F. cylindrus has a single copy. It is unclear why the number of cytosolic
PKs varies among species, but one explanation is that PK4 may have
been duplicated and deleted independently several times during
diatom evolution. Supporting this idea is evidence for a recent dupli-
cation event in P. tricornutum that gave rise to two in-paralogs
(homologs arising from a within-species duplication) on chromo-
some 8 (data not shown).
The pyruvate produced by PK3 in the chloroplast or PK4 in the cyto-
sol enters the pyruvate metabolic hub. Compared with the mitochon-
dria, there are relatively few enzymes of the pyruvate hub found in
the chloroplast and cytosol of diatoms. Only a single chloroplast enzyme
(PC1) was found in all three diatom genomes. Though T. pseudonana is
apparently missing a mitochondrial PC3, there are two apparently re-
cently duplicated copies of a PC2 found only in the centric diatom.
One of the PC2 copies has predicted chloroplast localization, while the
other copy is apparently cytosolic (Table S1). Typically, PC is a mito-
chondrial or cytosolic enzyme involved in gluconeogenesis or an ana-
pleurotic role, and little is known about its role in chloroplasts. Since
PEPCK is only predicted to bemitochondrial (Section 3.4.1) it is unlikely
that plastid PC is functioning to initiate gluconeogenesis, since there are
no other known enzymes capable of converting OAA to PEP found in
this compartment. It is more likely that the OAA produced in chloro-
plasts is used in other biosynthetic pathways. In E. huxleyi, the transcrip-
tion of chloroplast PC has been shown to be light-regulated and has
been proposed to be involved in the production of OAA as a precursor
for the biosynthesis of amino acids [69]. OAA can also be produced by
PEPC, and as discussed previously (Section 3.4.1), all three diatoms
have a PEPC2with some predicted periplastid compartment/chloroplast
localization. In C4 plants, PEPC has a role in a biochemical carbon con-
centrating mechanism to facilitate the delivery of CO2 to RuBisCO in
photosynthesis [70]. If PEPC1 is in fact periplastid localized in diatoms,
it could only function in this capacity provided there is an enzyme
near RuBisCO that can decarboxylate OAA. Though there is some exper-
imental evidence to suggest that diatoms may have a biochemical car-
bon concentrating mechanism, the localization of a decarboxylating
enzyme near RuBisCO has not been demonstrated conclusively [23,70].
The only non-mitochondrial MDH that could be identiﬁed in dia-
toms was the cytosolic MDH2 from T. pseudonana, indicating that dia-
toms apparently lack the ability to convert chloroplast OAA to malate
in either the plastid or the periplastid compartment. However, as men-
tioned previously (Section 3.4.1), both T. pseudonana and P. tricornutum
have isozymes of ME (ME1, and ME2 respectively) that are possiblytargeted to the periplastid compartment, suggesting that malate may
be either imported or produced by still unknown enzymes in this
space. The decarboxylation of malate by ME in this compartment
would produce CO2, pyruvate, and NAD(P)H, and if the malate is
imported from the mitochondria this reaction could effectively serve
both as a biochemical CCM and a conduit for the precursors of fatty
acid biosynthesis. However, ME1 in T. pseudonana and ME2 in P. tricor-
nutum also have high predicted targeting to the mitochondria and they
may be incorrectly predicted to the periplastid compartment. Because
of the potentially important role in intracellular carbon ﬂux, validating
the sub-cellular localization of these enzymes should be a priority for
the ﬁeld.
Another enzyme of the pyruvate hub, PPDK, is found as a single copy
in all three diatom genomes. Though diatom PPDK was determined to
be monophyletic, the sequence from F. cylindrus appears to be more
highly divergent (lower sequence similarity) to the sequences from
T. pseudonana and P. tricornutum, suggesting it may be experiencing a
higher rate of mutation. PPDK is phylogenetically limited to prokary-
otes, protists (including diatoms), some fungi, and green plants, but
its function can be quite variable [71]. PPDK is capable of acting bi-
directionally, by replacing the activity of PK in theﬁnal step of glycolysis
or by initiating gluconeogenesis [72]. Anaerobic bacteria utilize a
pyrophosphate-dependent variant of glycolysis in which PPDK acts as
an alternative to PK in the ﬁnal glycolysis step. In C4 plants the role of
PPDK is specialized, as it resupplies PEP in the stroma of leaf-
mesophyll cell chloroplasts, however it is believed that PPDK ﬁrst be-
came functionally seated in C3 plants, where it has a role in balancing
the ﬂux of carbon through glycolysis or gluconeogenesis, and was
only slightlymodiﬁed to achieve a new function in C4 plants [71]. Inter-
estingly, just like the ENO2, PPDK is predicted to be localized to the plas-
tid in both pennate diatoms, while the PPDK from T. pseudonana is
cytosolic. Whether the differential localization of PPDK between cen-
trics and pennates indicates some functional distinction, or is connected
to the translocation of ENO2, remains unclear
The ﬁnal enzyme of the pyruvate hub is PEPS. PEPS is found mostly
in prokaryotes where it is believed to catalyze the conversion of
pyruvate to PEP in the gluconeogenic direction [48,73,74]. PEPS was
identiﬁed in the T. pseudonana and F. cylindrus genomes but appeared
to be absent from the P. tricornutum genome. The T. pseudonana PEPS
is chloroplast-localized and is most similar to a sequence from
Cyanothece sp. PCC 7424 (ZP_01910935.1). Both the F. cylindrus PEPS
genes are apparently cytosolic and are most similar (but with low
similarity scores) to PEPS from the heterotrophic bacteria Plesiocystis
paciﬁca (ZP_01910935.1,) and Bacillus pumilis (ZP_03053952.1). Since
none of these enzymes are found in any other heterokonts or related
eukaryotes, the most parsimonious explanation for the occurrence
of PEPS in these diatom genomes is that they have been acquired hori-
zontally following the evolutionary divergence of all three diatoms
investigated.
The speciﬁc functions of PPDK and PEPS in diatoms remain
unclear, but they are undoubtedly important enzymes in the distribu-
tion of carbon intermediates in the pyruvate hub. Very little is known
about the role of PEPS in eukaryotes though its role in bacteria as a
regulatory enzyme is more well characterized [48]. It has been pro-
posed that plastidic PPDK in C3 plants may have an important role
in supplying PEP for the biosynthesis of aromatic amino acids [75].
If it has this role in diatoms, it may be an important target for
down-regulation since it represents a sink for pyruvate (a fatty acid
biosynthesis precursor) though there may be detrimental effects on
growth by inhibiting aromatic amino acid production.
Overall, there are some generalizations about diatom carbon par-
titioning in the chloroplast and cytosol that emerge from this analysis
that have implications for the way intracellular carbon ﬂux is regulat-
ed. First, diatoms do not share a conserved upper half or preparatory
phase of glycolysis in chloroplasts, which means that diatom plastids
(with the exception of P. tricornutum) are not metabolically equipped
Fig. 7. Schematic diagram of the compartmentation of glycolytic ﬂux in T. pseudonana,
P. tricornutum, and F. cylindrus. Arrows follow the direction of glycolyticﬂux fromcytosolic
Glucose 6-P (produced by degradation of chrysolaminarin) to oxidized 3C or 4Cmetabolic
intermediates. The pathway organization for each diatom is indicated by a different color
(see key). All diatoms have a cytosolic preparatory phase and a mitochondrial payoff
phase of classical Emden–Meyerhoff–Parnas glycolysis. Only T. pseudonanahas a complete
cytosolic pathway and only the pennate diatoms have a chloroplast-localized payoff
phase. All compartments are shown with unknown transporters. Gray arrows indicate a
possible pathway from cytosolic Glucose 6-P into mitochondrial glycolysis via the activity
of the ﬁrst enzyme of the oxidative pentose phosphate pathway (OPP), which is G6PD
(glucose 6-P dehydrogenase, EC 1.1.1.49). To enter the mitochondrial Entner–Doudoroff
glycolysis pathway, the 6-phosphoglucono-δ-lactone (6P-Gluc) produced in the cytosol
would have to be imported by an unknown transporter.
13S.R. Smith et al. / Algal Research 1 (2012) 2–16for the catabolism of hexoses (Fig. 7). This is not surprising, since un-
like terrestrial plants and green algae, which store and break down
starch inside the plastid, diatom chrysolaminarin vacuoles (where
diatoms store carbohydrate) are extra-plastidial. This is supported
by the conservation of the upper half of glycolysis in the cytosol of di-
atoms. In diatoms, fatty acids are synthesized de novo in the chloro-
plast by a type II fatty acyl synthase, meaning that pyruvate must be
either produced in or imported to this organelle [18]. Since pennate
diatoms have isozymes for the lower half of glycolysis targeted to
the plastid, they are theoretically capable of producing pyruvate in
the chloroplast from triose phosphates that are either produced
during photosynthesis or imported from the cytosol. In contrast,
T. pseudonana apparently does not have a chloroplast-localized
lower half of glycolysis meaning that in order for organic carbon ﬁxed
during photosynthesis to be incorporated into fatty acids it must ﬁrst
be exported from the chloroplast. Therefore, in T. pseudonana (and
possibly other centric diatoms), the transporters that export triose
phosphates and import organic carbon precursors like oxaloacetate
may be an important site of carbon ﬂux regulation into other fatty
acid supply pathways (Fig. 7). In pennates the regulation may also in-
clude a ﬁne level of regulatory control within the plastid, at the import
of glucose 6-P (in P. tricornutum) or triose phosphates. As a result of
these analyses, it is now clear that there are some signiﬁcant differences
between the centric and pennate diatom lineages with respect to the
organization of the carbon partitioning pathways in the cytosol and
the chloroplast, and these differences have implications for the way in-
tracellular carbon ﬂux is regulated (Fig. 7).
The most notable difference with respect to the organization of
the pyruvate metabolic hub between centrics and pennates is that
the capacity to initiate gluconeogenesis (by bypassing PK and catalyz-
ing the pyruvate→PEP reaction) has not been conserved in the plas-
tid or cytosol in diatoms. This may indicate that 1) gluconeogenesis is
mostly initiated from pyruvate (or OAA) in the mitochondria, 2) there
has been signiﬁcant adaptability of this carbon ﬂux regulatory node
during the diversiﬁcation of diatoms, or 3) a combination of both.The adaptability of this carbon ﬂux distribution node is supported
by ﬁnding that the orthologous PPDK has been re-targeted in centrics
and pennates and that PEPS seems to have been acquired horizontally
independently in T. pseudonana, and P. tricornutum. The extent to
which these enzymes affect carbon ﬂux distribution in a primary or
accessory role cannot be predicted bioinformatically.
3.4.3. Pyrophosphate-dependent glycolysis and other EMP variants
Both PPi-PFK and PPDK are found in the genomes of all three
diatoms investigated suggesting that these organisms may utilize the
PPi-dependent variant of EMP glycolysis. As wasmentioned previously,
PPi-dependent glycolysis functions in anaerobic bacteria and amito-
chondriate protists to confer an energetic advantage when oxidative
phosphorylation cannot be used to generate cellular ATP. Though this
glycolysis variant generates less ATP than the combined activities of
EMP glycolysis and oxidative phosphorylation, it may be sufﬁcient to
sustain cellular energetic demands temporarily or for long periods of
time when cells are in a resting stage. Diatoms are known to survive
long periods (months to decades) in dark and anoxic sediment layers
[76]. Recently, the respiration of intracellular nitrate stores under anox-
ic conditions in diatoms (dissimilatory nitrate reduction to ammonia,
DNRA) has been implicated as a potential survival mechanism under
these conditions as they transition to a resting state [77]. While DNRA
could be occurring in diatoms, it's also possible that PPi-dependent gly-
colysismay also serve to sustain cellular energetic demands during dark
anoxic conditions and may be a longer-term strategy for sustaining
metabolic demands throughout the resting stage.
The frequency with which EMP glycolysis variants occur in diatoms
is just beginning to be appreciated. Recently, a phosphoketolase path-
way was identiﬁed in P. tricornutum, but not in T. pseudonana [30]. Ad-
ditionally, a mitochondrial Entner–Dourdoff (ED) glycolysis pathway
was discovered in both P. tricornutum and T. pseudonana [30]. The rela-
tive importance of these glycolysis variants in diatoms is currently
unknown, as is the effect that running each pathwaywould have on cel-
lular energetics. What is clear is that diatoms are complex organisms
and much remains to be learned about the organization and regulation
of their most conserved, core metabolic pathways.
3.5. Regulation of carbon partitioning pathways
Carbon ﬂux through glycolysis or gluconeogenesis in the cytosol
must be precisely regulated to prevent futile cycling between these op-
posing pathways. Reciprocal regulation coordinates the simultaneous
activation of one pathway and suppression of the other. The reciprocal
regulation of the second bypass is accomplished by the synthesis and
breakdown of the allosteric effector Fru 2,6 bisP. Fru 2,6 bisP is synthe-
sized from the glycolytic intermediate fructose 6-phosphate by the
activity of 6-phosphofructo-2-kinase (PF2K) and converted back to
fructose 6-phosphate by fructose 2,6 bisphosphatase (F2BP). In animals,
these reactions are catalyzed by a single polypeptide, with a kinase
domain on the C-terminal end and a phosphatase domain on the
N-terminal end; this bifunctional enzyme arose early in eukaryotic
evolution by the fusion of these two functional units [78]. Each of
the diatom genomes examined encode for two PF2K/F2BP isozymes,
all of which lack signal peptide sequences and are localized to the
cytosol. The PF2K/F2BP enzymes form two orthologous clusters
(PF2K/F2BP 1,2); the PF2K/F2BP 2 groupwas not previously annotat-
ed and was identiﬁed using BLAST.
The function of these two PF2K/F2BP isozymes in respect to the
control of carbon metabolism in diatoms is currently unknown, al-
though in other eukaryotes it has been shown that different PF2K/
F2BP isozymes are expressed during a change in environmental con-
dition or developmental stage [49]. In mammals, four different iso-
zymes are known and are differentially expressed in various tissues
to maintain glucose homeostasis. In contrast, higher plants typically
encode for only one PFK-2/F2BP [50]. There is evidence for the
14 S.R. Smith et al. / Algal Research 1 (2012) 2–16presence of monofunctional enzymes in yeast (and in some plants),
where the phosphatase domain has been inactivated due to a critical
amino acid substitution in a universally conserved “RHG motif” [78].
The polypeptide still contains a vestigial phosphatase domain, but
lacks the histidine amino acid required to accept a phosphate
group during catalysis. Alignment of PF2K/F2BP 1 and 2 sequences
with those of other eukaryotes reveals that the PF2K/F2BP 1 group
contains the critical histidine amino acid, while the PF2K/F2BP 2
group has replaced it either with the non-polar amino acid alanine
(T. pseudonana) or proline (P. tricornutum and F. cylindrus, Fig. 8).
This suggests that the phosphatase domain in the PF2K/F2BP 2
homologues may not be active. Furthermore, this inactivation may
have arisen independently in centric and pennate diatoms, given the
difference in the interfering amino acid.
Another bifunctional kinase/phosphatase regulatory protein (PDRP)
is known to govern the activity of the PPDK enzyme via light-mediated
phosphorylation of the PPDK active site [79]. PDRP was discovered and
initially described in C4 plants, where it works to coordinate PPDK
activitywith photosynthesis [75]. Chloroplast-localized PDRPswere pu-
tatively identiﬁed in the genomes of both P. tricornutum and F. cylindrus
(Table S1) based on the presence of a PRK05339 domain that is also
found in the PRDP from Zea mays. Therefore, in pennates, both PPDK
and its regulatory protein appear to occur exclusively in the chloroplast.
In contrast, no PDRP could be identiﬁed for T. pseudonana, which is con-
sistent with the absence of a plastidal PPDK (Fig. 5). This arrangement
suggests that pennate and centric diatoms may utilize these enzymes
in functionally distinct capacities. As discussed in the previous section,
the metabolic role of PPDK in diatoms is not entirely clear. In other
photosynthetic organisms, plastid-localized PPDK plays a specializedFig. 8. Alignment of PFK2/F2BP bifunctional regulatory proteins. Shows the conserved
“RHG” motif in PFK2/F2BP bifunctional proteins among diverse taxa including animals,
fungi, higher plants, green algae and diatoms. Both diatom PFK2/F2BP group 2 sequences
and a 860 known monofunctional PFK2/F2BP sequence from Saccharomyces cerevisiae
(with an inactivated phosphatase domain) have substituted a different amino acid at the
place of a critical histidine residue, as indicated by boxes. The accession numbers for se-
quences used in the alignment are as follows: Homo sapiens (GenBank ID: NP_006203.
2), Mus musculus (GenBank ID: NP_032851.2), Gallus gallus (GenBank ID: XP_417979.2),
Danio rerio (GenBank ID: NP_957302.1), Drosophila melanogaster (UniProt ID: Q9Y1W3_
DROME), Saccharomyces cerevisiae (GenBank ID: AAA34858.1), Neurospora crassa (GenBank
ID: XP_958926.1),Arabidopsis thaliana (GenBank ID: AEE28077.1), Spinacia oleracea (UniProt
ID: O64983_SPIOL), Zea mays (GenBank ID: AAL09471.1), Chlamydomonas reinhardtii
(UniProt ID: A8JAE8_CHLRE). Diatom PIDs are listed in Table S1.role in C4 photosynthesis, although PPDK is also found in C3 organisms
where it may work to supplement the PEP requirement for aromatic
amino acid biosynthesis [75]. If PPDK performs the latter role in dia-
toms, it may be an important target for down-regulation since it repre-
sents a sink for pyruvate (a fatty acid biosynthesis precursor).
With an ultimate goal of identifying gene targets for modiﬁcation to
improve fuel precursor molecule production, it is important to consider
what sorts of regulatory processes are most amenable to manipulation.
Eukaryotic cells employ several mechanisms to regulate the synthesis
and breakdown of carbon intermediates. Transcriptional regulation en-
ables a short-term response and large-scale control; for example, the
activity of transcription factors allows for up- or down-regulation of en-
tire pathways of related function in response to environmental cues.
The bypass points and secondary regulatory molecules previously dis-
cussed are unidirectional control points, which would be especially at-
tractive to alter the direction of carbon ﬂux. Most of the steps in
glycolysis are bidirectional, and are regulated by mass action, allostery,
or post-translational modiﬁcation. Modiﬁcation of these steps to im-
prove carbon ﬂuxwould bemore difﬁcult than choosing a unidirection-
al control point, or genes that are largely regulated by transcription.
Since changes in transcription are commonly major indicators of
changes in cellular metabolism, determining transcript levels for each
of the steps involved in carbon metabolism would greatly contribute
to our understanding of carbon ﬂux in diatoms and other algae and
would aide in the identiﬁcation of interesting targets for genetic
manipulation.
4. Concluding remarks
The decreasing cost and increased output of high-throughput
sequencing have meant that algal genome and transcriptome se-
quences can now be obtained easily, and the characterization of meta-
bolomes and proteomes is becoming commonplace. This systems
biology approach is incredibly powerful, but the challenge remains to
distill these data into useful information that gives insight into the func-
tional organization of a cell or organism [80]. With the aim of develop-
ing algal strains for biofuel production, such information is essential to
characterize pathways that govern the ﬂux of carbon from the ﬁxation
of CO2 to the de novo biosynthesis of fatty acids and TAG. For the ﬁrst
time, the availability of genome sequence data from three diatoms
representing bothmajor diatom lineages has allowed for a comparative
analysis of the organizing principles of one of themost fundamental and
conservedmetabolic pathways. Through this comparative analysis, sev-
eral core features of diatom metabolism emerged that distinguish dia-
toms from other model organisms. First, it is clear that metabolic
pathways are organized into various sub-cellular compartments in
diatoms, and the conservation of the cytosolic preparatory phase and
mitochondrial payoff phase of glycolysis is a unifying feature. Themito-
chondrial glycolysis pathway is likely to be the primary supply pathway
for energy generation in the TCA cycle since a cytosolic pathway is not
conserved. Consequently, an important point of carbon ﬂux regulation
should be the selective transport of metabolites between the cytosol
and organelles (such as the export of organic carbon in the plastid, im-
port of organic carbon in themitochondria). Second, several isozymes of
the pyruvate hub (PEPCK, PEPC, MDH) are conserved and targeted to
diatom mitochondria. The presence or absence of isozymes in each
compartment determines the possible fates for ﬁxed carbon, which
has associated metabolic and energetic consequences, so it can be in-
ferred that mitochondrial PEPCK, PEPC, and MDH have indispensable
roles in diatom metabolism.
These examples are in contrast to the signiﬁcant proportion of the
enzymes of the core carbon partitioning pathways that is not strictly
conserved in diatom genomes. The differences between lineages and
species are examples of how diatoms may have modiﬁed their car-
bon partitioning pathways to adapt to speciﬁc environmental niches
during the diversiﬁcation of the group. These modiﬁcations include
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glycolysis, which is plastid-localized in both pennates and cytosolic
in T. pseudonana), selective maintenance and horizontal acquisition
of gene families for enzymes like PGK and PEPS, and novel gene fam-
ily expansions (as in the case of pennate FBPs). Further experimental
work is required to determine what the physiological implications of
thesemetabolic variations are, and additional genome sequences that
span a greater diversity within the diatom family will be important to
determine how signiﬁcant some of these species-speciﬁc or lineage-
speciﬁc modiﬁcations are in an evolutionary context. However, docu-
menting these differences is an important ﬁrst step in identifying
which isozymes may confer adaptive ﬂexibility within this algal group
and should help in the interpretation and annotation of functional‐
omics datasets.
In summary, this analysis has characterized both conserved and
variable features of central carbonmetabolismpathwayswithin a single
class of algae. Characterizing the conserved features establishes a blue-
print for the metabolic organization of diatoms over which functional
data can be overlaid and interpreted in an ecological, evolutionary, or
physiological context. Additionally, it facilitates the identiﬁcation of en-
zymes with important roles in regulating carbon ﬂux that are suitable
targets for metabolic engineering. The variability in the organization
of metabolic pathways in diatoms thatwas documented here illustrates
how even core central pathways can be modiﬁed considerably within a
single algal group. Overall, we have aimed to generate a framework
using available genomic information to highlight gaps in our under-
standing, identify important areas for clariﬁcation, and to facilitate the
interpretation of future functional-omics studies.
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.algal.2012.04.003.
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